Taking "'0 as an example of realistic nuclei, we demonstrate that a correlated ground state can be obtained as a long time solution of a time-dependent density-matrix formalism (TDDM) when the residual interaction is adiabatically treated. We also study in TDDM the E2 giant resonance of 16 0 built on the correlated ground state and compare it with that built on the Hartree-Fock ground state. It is found that a spurious mixing of low frequency components seen in the latter is eliminated by using the correlated ground state.
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Using the Lipkin modeJll as a model hamiltonian, we have recently demonstrated 2 J that a stationary solution of a time-dependent density-matrix formalism (TDDM) can be obtained with an adiabatic method: starting with the Hartree-Fock (HF) ground state, we gradually turned on the residual interaction in time. The obtained stationary solution was a good approximation for the exact solution of the model. In this paper we discuss the applicability of the adiabatic method to realistic nuclei taking 16 0 as an example. We also study the effects of a consistent treatment of the initial ground state on the energy spectrum of the E2 giant resonance in 16 0. We first present the equations of motion in TDDM and explain the calculational details to obtain its stationary solution. The TDDM equations have been derived from the truncation scheme of the well-known BBGKY hierarchy 3 l for reduced density matrices, which has been proposed by Wang and Cassing. 4 l Neglecting a genuine correlated part Ca in a three-body density matrix Pa, they give a closed set of equations of motion for a one-body density matrix p and a two-body correlation function Cz defined by C2=pz-A(pp), where A(pp) is an antisymmetrized product of the one-body density matrices and Pz is a two-body density matrix. In TDDM p and Cz are expanded with a finite number of single-particle states {¢a},
and the time evolution of p and Cz is determined by the following three coupled equations: (5) are solved with the 1s, 1p, 2s and 1d single-particle orbits. To obtain a correlated ground state, we use the adiabatic method: we start with the HF ground state in which 1s and 1P singleparticle states are fully occupied and make the residual interaction time dependent as (6) The correlation, HF and total energies thus calculated are shown in Fig. 1 as a function of time for two different values of r: r=5 x 10-23 s (dotted line) and r=50 x 10-23 s (solid line). Note that the period corresponding to the 2 particle-2 hole excitation energy in 16 0 is about 14 X 10-23 s. As shown in Fig. 1 , the oscillations in the correlation and HF energies are drastically reduced when r is increased from 5 X 10-23 s to 50 X 10-23 s, and the total energy is almost saturated as a function of r. Using a similar adiabatic method, Pfitzner et al. 7 > have also found a fast convergence of the total energy as a function of r in their density-matrix formalism. The results in Fig. 1 suggest that a stationary solution of TDDM can be obtained for 16 0 with r which is longer than the period of the 2 particle-2 hole excitation energy, as is the case in the Lipkin model. 2 
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Unfortunately, we found it very hard to obtain a true stationary solution of TDDM in which all the matrix elements of nap and CaPa'P' have a saturation behavior as a function of r. The reason for the difficulty is that there exists a time scale which is much longer than the period of the 2 particle-2 hole excitation energy. This long time scale is associated with a small energy gap ( ~ 1 MeV) between the 2s and 1d states. The transitions between these states, therefore, are not terminated within r comparable to the period of the 2 X 10-23 s and solid lines those with r=50 X 10-particle-2 hole excitation energy. As a result, some of the matrix elements of na~ and Ca~a'~' do not show a convergence as a function of r for r:;::; 50 X 10-23 s, though the total energy is well converged. In an explorative calculation with a reduced number of the single-particle wave functions and with r comparable to the period of 1 MeV excitation energy, we found that each matrix element of na~ shows a convergence behavior. However, it is numerically very hard to use very large r for realistic calculations. Since the oscillations in the correlation and HF energies are drastically reduced with r comparable to the period of 2 particle-2 hole excitation energy, we use r=50 x 10-23 s to investigate the effects of the ground-state correlations on the properties of the E2 giant resonance in 16 0. The E2 giant resonance built on the correlated ground state is excited by boosting the single-particle wave functions ¢a(1) at t=5r with a phase factor corresponding to the multipolarity of the mode, (7) where k is a parameter determining the amplitude of the motion and
The strength function defined by
is related to the Fourier transformation of the expectation value V(t) of the transition operator V:
where V(t) is calculated with the onebody density p(r, t) as
As long as k is small enough, the strength function given by Eq. (10) does not depend on k.
In actual numerical calculations the integration in Eq. (10) is performed for a finite time interval of 150 x 10-23 s and the time-dependent E2 moment given by Eq. (11) is multiplied with a damping factor e-m 2 before performing the integration in Eq. (10). This corresponds to smoothing the strength function with a width of r.
We use F=1 MeV. Other calculational details are given in Refs. 5) and 8). The E2 strength distributions are shown in Fig. 2 . Solid line denotes the E2 resonance built on the correlated ground state and dotted line that on the HF ground state. The latter corresponds to the calculation with r=O. Both distributions have a bump around 20 MeV but only the latter has a structure in the low energy region (below 10 MeV). We interpret the structure as an admixture of the E2 modes built on excited configurations. The reason for this is as follows. The HF ground state is not a stationary solution of the TDDM equations of motion and is mixed with excited configurations like 2P-2h ones when it is evolved in time with the TDDM equations. Therefore, the HF ground state boosted with the quadruple phase inevitably contains the E2 modes built on the excited configurations. The reason that some of these modes appear in the low energy region may be understood by the fact that the wave functions of the excited configurations are spatially more extended than the HF ground-state wave function. The strength function for the E2 mode built on the HF ground state has a negative part in the very low energy region. We consider that this originates in the interference among the E2 modes built on the HF ground state and on the excited configurations. When the wave function on which a giant resonance is built is a wave packet, the positivity of the strength function calculated with Eq. (10) is not guaranteed.
In summary, we demonstrated that the oscillations in the HF and correlation energies calculated in TDDM can be drastically reduced when the adiabatic treatment of the residual interaction is employed. Using a nearly stationary solution, we studied the energy spectrum of the E2 giant resonance in 16 0. It was found that the mixing of spurious components in the E2 mode built on the HF ground state is eliminated with the use of the correlated ground state. As was discussed above, it is very hard to obtain a true stationary solution of the TDDM equations with the use of the adiabatic method, when the system has a very long time scale. Nonetheless, the fact that the total energy has a fast convergence as a function of r is encouraging. It may be feasible to use a single effective interaction for both the mean-field and correlation parts and to determine the parameters of the interaction so as to reproduce the ground state properties of nuclei, e.g., binding energies.
